Abstract.-The circular dichroism arising from 4-thiouridine residues in E. coli transfer RNA has been studied under conditions in which the secondary and tertiary structure of the macromolecule is either intact or totally disrupted. Studies on both unfractionated tRNA and on highly purified species of methionine-, valine-, and lysine-specific tRNA suggest that the circular dichroism of the 4-thiouridine residue is highly sensitive to its local environment in the macromblecule and reveal interesting differences between these purified species. A new chromophore, resembling 4-thiouridine in some respects but showing distinctive chemical and optical properties, has been detected. The implications of these results on model-building studies of tRNA are discussed.
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Transfer RNA (tRNA) from E. coli has been shown to contain 4-thiouracil among the minor bases.I The wavelength of maximum absorption of this residue in the high polymer lies at 336 mjA, just beyond the absorption envelope of the major and most minor constituents. This property permits one to study the absorption characteristics and, as shown below, the circular dichroic properties of this residue without undue contribution from the remainder of the macromolecule. Thus, the 4-thiouridine (4TU) residue may be used in the manner of a "reporter" molecule.2 3 There has appeared recently a report on the nuclear magnetic resonance and optical rotatory dispersion properties of synthetic polynucleotides containing 4TU. 4 We wish here to present the results of a study on tRNA from E. coli B including in addition to unfractionated tRNA, purified tRNAu'et, tRNA' jt, tRNAVal, and tRNAlYB and to report evidence on an as yet unidentified chromophore which absorbs in the same region as 4TU.
Methods.-The tRNA was purchased from Schwarz BioResearch and the purified species were obtained as described by Schofield.5 The isolation techniques involved chromatography on DEAE-Sephadex8 or benzoylated DEAE-cellulose7 followed by rechromatography on reverse-phase8 or hydroxyapatite columns.9 The maximum amino acid acceptance level for tRNAI".ml and tRNA'Y8 was at least 1400 ,ujumoles/ODU.5
The purity of all these species was also checked by two-dimensional thin-layer chromatography of T1 RNase digests and revealed no gross contamination by species having a markedly different base sequence., The absorption spectra were obtained at room temperature with a Cary model 11 spectrophotometer and the CD spectra with a Cary model 6001 circular dichroism attachment for the model 60 spectropolarimeter. Unless otherwise stated, the solvent was 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0 (SSC). Dimethyl sulfoxide (Me2SO), spectrophotometric grade, was purchased from Fisher Scientific Company and used without further purification. Iodine oxidation was carried out as described by Carbon et al.'0 For the recording of CD spectra, the concentration of tRNA was adjusted to yield an absorbance of 0.5 to 1.5 Figures  1 and 2 . Considering first Figure 2 , one observes that, as has been found by others, 14-16 Me2SO leads to a loss of the secondary and tertiary structure as evidenced by a hyperchromicity of the 336 mju absorption band and a concomitant decrease in the CD at the same wavelength. The hypochromicity and CD are largely, but not completely, restored upon dilution of the 80 per cent Me2SO The total hyperchromicity at X335 mis of the tRNA in these solvents relative to SSC was 1.35 and 1.39, respectively. We shall consider the interpretation of the change in sign of the CD spectra in these solvents later.
Lipsett2 has shown that the 336 mis band demonstrates a hyperchromicity profile on heating which differs somewhat from that for the 260 mis absorption band. In this study we find (Fig. 2 ) a close correspondence between the hyperchromicity at 336 mis induced by Me2SO and the reduction in dichroism both at X,,,.x in the 265 mis region and the 336 mis region. A further point relative to Figure 1 is the loss in the presence of 80 per cent Me2SO of the negative band centered at ca. 295 mis. This is only suggested by the data in the figure, but we have studied this latter band in some detail and these data will be presented in a separate communication.
Considering now the optical data on the group of methionine acceptor tRNA's, it appears that there are two sets of absorption data: one containing tRNAfmlt and tRNAmet and the second containing tRNAmet and tRNAm'. These are distinguished by: (1) the XA of the second set occurs at a longer wavelength than that of the first set (339 vs. 336 mis) and (2) there is a distinct shoulder on the spectra of the second set which appears to result from an unresolved band centered at approximately 355 mis. Furthermore, it was found that the chromophore of the second set differed by the absence of a hypsochromic shift of A,,x with increasing pH which is shown by the members of the first set and which VOL. 64, 1969 previously had been demonstrated7by Lipsett2 for the 4TU residue of unfractionated tRNA. It was also found that the spectrum of the second set was unaffected by treatment with sodium thiosulfate or dithiothreitol. These observations led us to examine the sensitivity of the chromophores of these four species to triiodide oxidation. The results are presented in Figure 3 . While the chromophores of the species of the second set are essentially resistant to the action of triiodide, there is, in the first set, a substantial loss of absorbance at 336 mm which is, however, not as great as that seen in unfractionated tRNA. The magnitude of the effect on tRNAmt is approximately 1/2 that in tRNAfmet which is itself approximately 1/2 that for unfractionated tRNA. The spectra of these oxidized tRNA's show faint shoulders at the wavelengths of the peak and inflection seen in the spectra of triiodide-resistant species. It is possible that this residual absorbance represents a small amount of cross contamination resulting from an incomplete separation of the tRNAfml' and the tRNAmet subspecies.
The CD spectra of three of the tRNAmet species are striking on two counts:
(1) the diversity in shape and magnitude and (2) the negative sign which is opposite to that of unfractionated tRNA (Fig. 1). A study of the CD band of tRNA'et in SSC suggests that it could be the sum of a band similar to that seen in unfractionated tRNA in the presence of 80 per cent Me2SO and the overlapping and stronger negative band centered at ca. 295 mjs. This interpretation is supported by the CD spectrum of this species in the presence of 80 per cent Me2SO (Fig. 3A) . The teresting in this regard. They suggest differences in the sign and magnitude of the Cotton effect related to 4TU in single-and double-stranded synthetic polymers containing 4TU which are consistent with our conclusions relative to the difference in order between the 4TU region in tRNAfYet and tRNAVal. Unfortunately, the tRNA"t was in insufficient quantity to obtain reliable CD spectra. However, it is clear that the dichroism is neither of a strong negative or positive character. The CD spectrum of tRNAmet is striking in its magnitude in SSC and, furthermore, in the persistence of a relatively strong band in the presence of 80 per cent Me2SO (Fig. 3B) . This latter fact suggests that the chromophore is in some manner hindered in its rotation about the C1,-N1 bond, while the decrease in dichroism in the presence of Me2SO suggests further that the chromophore is in a more ordered portion of the tRNA molecule.
The CD spectrum of tRNAmt closely resembles that of tRNA'et except for the fact that it is less intense and also that there is a plainly discernible positive band, some portion of which appears between the negative bands centered at ca. 340 mu and 295 mgA. In this connection it should be noted that the absorption spectrum for tRNAm't has a higher specific absorbance at 310 mIA than does tRNAmet suggesting an additional absorption band in this region which may give rise to the positive CD band.
Turning to the tRNAVal, one notes in the absorption spectrum a rather higher Ax/Amin (1.63) than for unfractionated tRNA (1.19) or tRNA'et (1.36 ) and there is, furthermore, no evidence of a shoulder in the vicinity of 355 mpu. The CD band is positive and more intense than that for unfractionated tRNA even when the latter is corrected for the smaller absorbance at 336 mu relative to that at 260 mu. The response of this band to 80 per cent Me2SO closely follows that of the unfractionated tRNA. The interpretation would then be as given below for the unfractionated tRNA.
The absorption spectrum of tRNA'Y' (Fig. 4) The CD spectrum presents a shape unlike that seen in any of the previous spectra. This spectrum might be interpreted as a result of three overlapping curves: First (on the long wavelength side) there is a weak negative band such as that seen in the tRNA'et, this is overlapped by a following positive band of somewhat greater intensity (see also tRNAm" Fig. 3C ) which is in turn overlapped by the still stronger negative band centered around 295 mu. For the purpose of further discussion of these results let us assume that the major contribution to the absorption band centered at 336 m~uin unfractionated tRNA and in all the purified species examined except tRNAm22 is by 4TU. In all of these, the position of the maximum absorbance, the sensitivity to triiodide oxidation (reversible with reducing agents) and the behavior at elevated pH support this assumption. Furthermore An interpretation of the CD spectrum in the region of this absorption band must consider some of the factors which might influence the shape and magnitude of the CD spectrum: (1) the interaction of one 4TU with a second 4Th leading to exciton splitting of the CD band,20 (2) interactions of 4TU with nearest neighbors other than itself20 and (3) an interaction of 4-thiouracil with the ribose ring to which it is attached.2122
From the absorption data, one estimates there to be approximately one 4TU per molecule in the purified species and somewhat less (on the average) in the unfractionated tRNA. This agrees with the data of Lipsett1 and the known primary structures. We have found no concentration dependence of the CD spectrum nor evidence of dimerization of the tRNA at the concentrations used. Therefore, 4TU interaction with itself, between, or within the molecules, is not likely to be a factor in these cases. is an effect of the high polymer environment on the CD properties of the 4TU residue, and that interpretation of the data presented for the various RNA's must, at present, be made within the set of high polymers. Thus the clearest conclusion is that the conformation of 4TU in tRNAmet must be substantially different from that in tRNAVal, or, for that matter, from the 4TU residues in the bulk of the unfractionated tRNA. The sensitivity of the CD of 4TU to environment is well illustrated by the results of Samejima et at.24 who have demonstrated that the sign of the CD of 4-thiouridylic acid goes from positive to negative on binding to ribonuclease. These observations are particularly intriguing because the 4-thiouridine residue in both tRNAmet and tRNAval occupies the same position (no. 8 from the 5' end) in the primary structure with G on either side in the former,17 and U and A in positions 7 and 9, respectively in the latter.'9 In the cloverleaf structures drawn for these species, residue number 8 is the first nonpaired base from the 5'-terminus encountered after leaving the stem of the cloverleaf. The CD data, taken together with the unusual chromatographic properties of tRNAmet6 as well as the unusual dependence of absorbance at 336 mg on ionic strength26 would suggest that the secondary (and/or tertiary) structure of tRNA met must be quite different from what would be expected from the "cloverleaf" model as usually written. The properties of the unknown chromophore responsible for the absorption band in the vicinity of 340 mj1t in tRNAf2,m2 suggested to us that the molecule possessed a 4-thione group which was by some means prevented from ionizing at elevated pH and could not be as easily oxidized as 4-thiouracil. It seemed reasonable to consider a 3-substituted 4-thiopyrimidine. We synthesized 1,3-dimethyl-4-thiouracil, 1,3-dimethyl-2,4-dithiopyrimidine, and 1,3-dimethylf4-thiothymine27 and examined the effects of elevated pH and triiodide treatment on the ultraviolet absorption of these compounds. All of them showed little or no change in the ultraviolet absorption spectrum at elevated pH or on treatment with triiodide. Of these three compounds only 1,3-dimethyl-2,4-dithiopyrimidine yielded a long wavelength absorption band resembling in shape and posimet tion the spectrum of tRNAf2,m22
We also considered the possibility that the unknown chromophore might be a photochemical product resulting from the exposure of tRNAflmt 1 to long wavyelength ultraviolet radiation from the fluorescent laboratory lighting. A sample of tRNAfYet was dissolved in SSC and irradiated in Pyrex vessel with light from a medium pressure Hg lamp. This treatment resulted in a decrease in the absorbance in the 336 mMA region without a significant change in the shape of the absorption or CD band. Hence we think it unlikely that the unknown chromophore is a photochemical product arising during the fractionation of the tRNA. However, considering the results of Uziel28 and Yaniv (personal communication) the possibility remains that this chromophore is an accidental in vitro derivative of 4TU.
